We experimentally and via simulations demonstrate ultracompact single-stage and cascaded optical add-drop multiplexers using misaligned sidewall Bragg grating in a Mach-Zehnder interferometer for the silicon-on-insulator platform. The single-stage configuration has a device footprint of 400 μm × 90 μm, and the cascaded configuration has a footprint of 400 μm × 125 μm. The proposed designs have 3-dB bandwidths of 6 nm and extinction ratios of 25 dB and 51 dB, respectively, and have been fabricated for the transverse electric mode. A minimum lithographic feature size of 80 nm is used in our design, which is within the limitation of 193 nm deep ultraviolet lithography.
Introduction
Silicon photonics is considered a key technology for next generation optical interconnects and communication systems due to its low power operation, scalability and compatibility with the complementary metal oxide semiconductor (CMOS) process [1] , [2] . The silicon-on-insulator (SOI) platform has a large index contrast between the core and the cladding, thus allowing for nanoscale waveguides and denser integration of photonic components [1] . Silicon photonic devices are also being considered for wavelength-division multiplexing (WDM) metro and long haul network segments [3] - [6] .
Optical add-drop multiplexers (OADMs) select and route WDM channels. Researchers have been developing OADMs in non-SOI platforms [7] - [11] , and more recently in SOI platforms [12] - [18] . In the SOI platform, ring resonator [12] - [14] , grating-assisted contra-directional coupler [16] - [18] , and Bragg grating (BG) [15] , [19] based devices have received much attention. Ring resonators are compact but achieving a flat-top spectral response, and a large free spectral range (FSR) is challenging. Grating-assisted contra-directional coupler based devices are complex in design and large extinction ratio (ER) is difficult to achieve [16] , [18] , [20] . BG based devices, on the other hand, offer FSR free operation and several degrees of freedom to achieve desired spectral response.
BGs are reflection-based devices and therefore, optical circulators are required in order to use them as multiplexers. Optical circulators are difficult to achieve in SOI since they require non-CMOS compatible materials [21] . Circulators are available as discrete optical components, but this increases packaging complexity [22] . One solution to this problem is to incorporate BGs in interferometric structures [23] . BGs in Mach-Zehnder interferometer (MZI) based OADM in SOI have been reported in the past by several groups. A Si-wire waveguide based BGs in MZI OADM with a 3-dB bandwidth (BW) of 0.7 nm was reported in [19] . But it has a very small ER of 8 dB and a relatively long length of 800 μm. In [15] , two OADM configurations based on BGs in MZIs which offered a 3-dB BW of 3.5 nm and ERs of 40 dB and 45 dB were reported. However, the footprints were 391 μm × 1400 μm and 391 μm × 3600 μm, respectively, which are excessively large. Recently, a new technique to precisely control the coupling coefficient of silicon waveguide BGs by misaligning the sidewall gratings was reported in [24] . This technique significantly alleviates the problem of quantization error which occurs because of finite size of the mask grid [24] . In this paper, we propose ultra-compact OADMs in the C-band using misaligned sidewall gratings. We analyze two configurations of the BGs in MZI-based OADMs. We refer to the first design as a single-stage design and the second as a cascaded design. The effects of misalignment variation on the spectral response of both structures was studied numerically and experimentally. The use of misaligned gratings enables a narrow BW with a lower number of periods, thus enabling optimization of the OADM designs for compactness. We experimentally measured 3-dB BWs of 6 nm and 6.2 nm and ERs of 25 dB and 51 dB with device footprints of 400 μm × 90 μm and 400 μm × 125 μm, respectively for the single-stage and the cascaded configuration. This corresponds to 15 and 28 times smaller footprint than previously reported devices in [15] . An improvement of 3 dB and 4.5 dB in insertion losses of input-to-drop and input-to-through ports is achieved with respect to [15] . Furthermore, the OAMDs are designed with 193 nm deep ultraviolet lithography compatible minimum feature size.
Device Design and Simulations
The organization of this section is as follows. In Section 2.1 theory of misaligned sidewall grating is described. The principle of operation of the device is presented in Section 2.2 and finally in Section 2.3 the simulations results are discussed.
Misaligned Sidewall Gratings
The Bragg condition is given as [25] λ B ragg = 2n avg (1) where λ B ragg is the Bragg wavelength, n avg is the average effective refractive index of the whole grating structure and is the grating period. Silicon BGs are normally created by periodic corrugations in the side-wall of a silicon waveguide. Each period of the grating works as a weak reflector due to its index discontinuity. To satisfy the Bragg condition, the grating period, has to be such that all partial reflections add up in phase. In a uniform BG where the refractive index varies as n(z) = n avg + n cos(2πz/ ) along the grating longitudinal axis, the grating amplitude reflection coefficient is given as [25] 
where ζ = 2π n/λ is the coupling coefficient which is related to the refractive index modulation depth, q = β 2 − ζ 2 , L is the grating length, β = β − β B ragg is the propagation constant deviation from the Bragg wavelength and β B ragg = 2πn avg λ B ragg . From (2) , it can be seen that the grating reflection spectrum depends on the refractive index modulation depth and the grating length. BGs with weak coupling strengths are required to achieve narrow BW which can be designed by reducing the the structural corrugation width. The BW is also inversely proportional to the length in such weak BGs [25] . Therefore, longer gratings are required to obtain narrow BW devices, which increases the device's footprint significantly. Since, achieving a narrow BW (e.g., 1 nm) requires a very small corrugation amplitude, the performance of the Bragg gratings become highly sensitive to variations in the fabrication processes. Wang et al. [24] proposed misaligning the sidewall gratings intentionally to control the grating coupling coefficient. The misaligned grating structure can be broken down into two separate gratings with a phase offset. The effective coupling coefficient of such a grating can be written as [24] 
where κ 0 is the coupling coefficient when there is no misalignment, L is the grating misalignment and 2π L / is the phase offset. From (3), it can be seen that as the misalignment increases, reflections from each grating period interferes less constructively thus weakening the grating strength. Using this technique, narrow BW BGs can be created with a smaller number of grating periods. When the corrugations on the two sidewalls are completely misaligned, the grating periods interfere destructively, and the structure no longer reflects light. Moreover, this method of weakening the grating strength is less sensitive to fabrication quantization error than reducing the corrugation amplitude [24] .
Principle of Operation
Fig. 1(a) depicts the Bragg grating corrugation parameters used in our design. Here, W1 was chosen to be 580 nm and W2 to be 420 nm. Therefore, the corrugation amplitude, ( W =
) is 80 nm. The simulated effective refractive index of the 580 nm (n e f f 1 ) and 420 nm (n e f f 2 ) silicon waveguides as a function of wavelength are shown in Fig. 2 . At 1542.5 nm wavelength, n e f f 1 =2.56 and n e f f 2 =2.29; thus, n avg =2.43. From the Bragg condition in (1), is found to be 317 nm. Fig. 1(b) shows the variation in the offset of the sidewall gratings starting from 0 nm to half of the grating period, i.e., 158.5 nm. At this offset, the two sidewalls are completely out of phase and the structure will not reflect light. The schematics of the two configurations of the OADMs, single-stage and cascaded, are shown in Fig. 1(c) and (d), respectively. All BGs have been designed to have the same Bragg wavelength. Both arms of the MZI have equal lengths and the BGs were placed symmetrically within each arm of the MZI. Broadband directional couplers (BDCs) [26] were used as 2 × 2 power splitter and combiner in the test structure.
Referring to Fig. 1(c) , light consisting of several wavelengths is launched at the input port of the OADM. Since the BGs have a Bragg wavelength of λ 4 , light at λ 4 will be reflected. The reflected light exits at the drop port because of the π phase shift induced by the directional coupler during a round trip. The other wavelengths which were outside the reflection BW of the BG will emerge at the through port, again because of the π phase shift caused by the directional coupler. Since the BGs in the MZI based OADMs are symmetric, light at λ 4 injected at the add port will get reflected by the BGs. The reflected light will exit via the through port, along with other wavelengths that were launched at the input port (except the dropped one).
Referring to Fig. 1(d) , the cascaded design of the OADM has two identical single-stage OADMs with an additional BG in the connecting path. The open branches of the single-stage OADMs are terminated with optical terminators. The drop port of the cascaded configuration works on the same principle as the single-stage one. However, the additional BG in between the OADMs reflects residue light at λ 4 that was not reflected by the BGs in the first single-stage OADM and prevents it from emerging at the through port. Similarly, if light at λ 4 is launched at the add port, it will be reflected by the BGs in the second stage of the OADM and exit via the through port. The BG in between the OADMs will reflect any power that leaked through the second stage of the OADM at this wavelength so that it does not appear at the drop port. With the cascaded configuration, the ER of the OADM can be increased significantly and the cross-talk can be reduced. However, the improved ER and reduced crosstalk come at the expense of additional insertion loss and footprint.
Simulation Results
The OADM configurations were first simulated by varying W , L , and the number of grating periods, NG. All the simulations were done in Lumerical Interconnect [27] and the Silicon ElectronicPhotonic Integrated Circuits (Si-EPIC) electron-beam process design kit was utilized [28] . The transmission graphs for the variation of W are shown in Fig. 3(a) and (d) , respectively for the single-stage and the cascaded configuration. It can be observed that the ER and BW increases as W is increased. We varied W up to 100 nm since a larger value of W would increase the ER further which can not be measured physically. The lower value of W was chosen based on the minimum fabricated feature size that has been reported in the literature. L was varied from 0 nm to 158.5 nm (half the grating period) and the results are shown in Fig. 3(b) and (e), respectively for the single-stage and the cascaded configuration. The ER and BW exhibits a decreasing nature as L is increased. The results for the variation of NG is provided in Fig. 3(c) and (f) for the single-stage and the cascaded configuration, respectively. The ER decreases but the BW remains constant if NG is decreased as can be seen from the figures. The upper value of NG was chosen because a higher value would increase the ER further which can not be measured physically. Furthermore, it would increase the footprint and insertion loss of the device. The cascaded configuration achieves significantly larger ER for both W and L variation. The sensitivity of the power meter in the simulation software was set to −100 dB and is why clipping can be observed in Fig. 3 . We chose this value for power meter sensitivity because a ER value of less than −100 dB cannot be measured physically. The clipping phenomenon indicates that the OADMs have higher ER than what we can observe.
From the results presented in Fig. 3 , we will choose W , L , and NG by balancing ER, BW and device compactness. For NG = 200, the ERs are only 12 dB and 26 dB for the single-stage and the cascaded configuration, respectively whereas for NG = 400, the ERs are 35.5 dB and 85.85 dB, respectively. Since increasing NG to 600 does not provide significant improvement of ER for the cascaded configuration, we chose NG = 400 to make the device compact. We have derived a FoM parameter from the ER, 3-dB BW and footprint to determine the value of W and L . The FoM has been defined as follows (4): (a) the cascaded configuration footprint is considered as the standard. The footprint of both configurations is divided by the footprint of the cascaded configuration; this is designated as the footprint ratio (FR), (b) the FR is multiplied with the 3-dB BW, and (c) the ER is divided by this product.
The FoMs for the single-stage and the cascaded configuration as a function of L for different values of W are presented in Fig. 4 . It can be seen that the highest value of FoM for the singlestage and the cascaded configurations are 7.54 dB/nm and 13.83 dB/nm, respectively which occurs at W = 80 nm and L = 128 nm. Therefore, we have used these values for our fabrication. In order to evaluate the effectiveness of misaligned sidewall Bragg gratings compared to typical aligned sidewall gratings, we study the effect of increasing L versus decreasing W on the coupling coefficients. The coupling coefficients of the BGs for different W with L fixed at zero, and with the W constant at 80 nm for different L were also calculated and are presented in Fig. 5 . As can be seen in Fig. 5 , the coupling coefficient decreases as W is reduced or L is increased. In terms of practical implementations, varying L to achieve different coupling coefficients is more resistant to fabrication errors as shown in [24] . This can also be attributed to the fact that fabricating small feature size is difficult. For example, from Fig. 5 , it can be seen that a coupling coefficient of 3.9 × 10 4 m -1 is obtained at W = 20 nm with L = 0 nm ( Fig. 5(a) ) which can also be obtained with W = 80 nm and L = 124.7 nm (Fig. 5(b) ). The 80 nm feature size will resolve better during fabrication compared to the 20 nm features. The larger W also allowed us to use a smaller number of grating periods and reduce the device footprint.
Experimental Results and Discussion
The devices were fabricated with a single-etch process using electron beam lithography [29] . The waveguides have a 500 nm × 220 nm cross-section with a 3 μm buried oxide and native oxide cladding. Fully-etched sub-wavelength grating couplers were used for coupling light in and out of the OADMs [30] . Calibration grating coupler pairs, with one input grating coupler and one output grating coupler, were used to calibrate the insertion losses of the grating couplers from the test structures. The scanning electron microscope (SEM) images of the fabricated OADMs and misaligned BG with L = 128 nm and W = 80 nm are shown in Fig. 6 . Transmission spectra were measured by sweeping an external cavity laser over the wavelength of interest and recording the output power from various ports of the device with a power meter. The results for both the single-stage and cascaded configurations are presented in Fig. 7 . L was varied from 0 nm to half of the grating period, . As can be seen from Fig. 7 , for both configurations, the BW reduces as L is increased. This occurs because the reflection from each grating period interferes less constructively as the grating misalignment increases. In case of the single-stage configuration, the ER remains almost constant at 51 dB for up to L = 96 nm and decreases to 25 dB at L = 128 nm. For the case of the cascaded configuration, the ER remains constant at around 51 dB until L = 128 nm. This can be explained from the fact that the cascaded configuration has an intermediate BG, which reflects the residue light that leaks from the first BG, thus achieving a higher ER even at L = 128 nm. At L = 158.5 nm, there is no reflection as demonstrated by the solid brown line in the input-to-through plot of Fig. 7 . The measured insertion losses from the input-to-drop port and the input-to-through port are 2 dB and 4.1 dB for the single-stage configuration, and 2 dB and 8.5 dB for the cascaded configuration, respectively. The additional loss in the through port of the cascaded configuration emerges because of the extra path and BGs that the light needs to travel to reach the through port compared to the single-stage configuration. Part of the light also leaks through the add port which is another reason for the increased insertion loss at the through port. Achieving a high ER is required to reduce the intra-channel crosstalk since it defines the amount of isolation between the add and drop channels. In experiments with high data rate, <1 dB penalty can be achieved if a ER of greater than 30 dB is obtained [31] . On the other hand, components with smaller footprints and lower insertion losses are required to satisfy the constraints of integrated optical devices.
The simulated and measured ERs and 3-dB BWs are compared in Fig. 8 . Regarding the ER, the difference between the simulated and measured results is large as observed in Fig. 8(a) . This is attributed to the −80 dBm sensitivity limit of the power meter used in the experiment. The fact that the ER remains constant with the increase in L (even at 128 nm for the cascaded configuration) provides further evidence that the devices have higher ER than measurable with our equipment. Another evidence is that the simulated and measured ER start to agree for L >100 nm when the simulated ER become <50 dB which is within the sensitivity capabilities of the power meter used in the experiment. For the 3-dB BW parameter, the agreement between simulation and measurements is very good and the deviation between the simulated and measured value decreases as L is increased. Table 1 compares the ER, 3-dB BW, device footprint, and insertion loss of our device with other published works on OADMs in SOI. We have modified the FoM parameter, defined in (4) to include the effect of insertion losses of the devices being compared. The FoM defined in (4) has been divided by the insertion losses of the drop and through ports which resulted in the following equation.
The footprint of the proposed cascaded configuration is used as the common denominator in determining the footprint ratio of all the devices. In some references, the footprint of the device was not specified and therefore, we were unable to calculate the FoM. In cases where the OADM is multi-channel, we first divided the footprint of that device by the number of channels and then calculated the FoM as mentioned above. A higher value of the FoM is desired since the higher the ER and the smaller the BW, insertion loss and the footprint, the better is the performance of the OADM. From Table 1 , it can be observed that our cascaded configuration has the highest ER reported thus far for the SOI platform. The input-to-drop and input-to-through insertion losses are also smaller compared to results reported by others. In terms of FoM, both of our designs outperform others significantly, except for the device proposed by Naghdi et al. [18] which has better FoM than ours. However, the design proposed by Naghdi et al. uses sub-wavelength gratings which are very sensitive to fabrication errors and cannot be fabricated using the large-scale 193 nm deep ultraviolet lithography process. Whereas we have used sidewall Bragg gratings with CMOS compatible feature size which have already been fabricated using deep ultraviolet lithography [34] . In future designs, the sidelobes can be reduced by apodizing the gratings [35] . The misalignment technique to vary the grating strength profile for apodization is more resilient to fabrication errors compared to changing the corrugation amplitude to vary the grating strength profile [24] . Thus, our proposed designs not only provide good performance but also relax fabrication tolerances.
Conclusion
We present two configurations of OADM utilizing misaligned sidewall BGs and obtained ERs of 25 dB and 51 dB with a footprint of only 400 μm × 90 μm and 400 μm × 125 μm, respectively. We achieved 15 and 28 times less footprint for the single-stage and cascaded OADM respectively and about 3 dB less insertion loss compared to previous BG based OADMs reported in the literature [15] . The feature size used in the designs can be fabricated using 193 nm deep ultraviolet lithography.
